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Introduction 


The  mashers  of  the  Marine  Meteorology  Prolect  of  the  Woods 
Hole  Oceanographic  Institution  have  designed  equipment  for  the 
measurement  of  the  vertical  heat  flux.  This  consists  of  a  small 
vertical  vane,  a  heated  thennlstor  anemoneter,  arid  a  bead  ther¬ 
mistor  thermometer,  all  mounted  within  about  20  centimeters  of 
each  other.  The  instruments  were  described  In  detail  by  Parson 
and  Bunker^.  The  anemometer  was  not  temperature  compensated,  so 
that  the  wind  speed  itself  is  possibly  not  very  accurate^;  how¬ 
ever,  the  wind  speed  enters  the  computation  of  the  heat  flux  only 
through  the  vertical  velocity,  which  is  not  sensitive  to  errors 
In  the  horizontal  speed. 

The  heat  flux  is  given  by  the  equation: 

P  -  Jc,  AT  (1) 

Here  ^  is  the  density,  Cp  the  specific  heat  at  constant  pressure, 

A  w  the  deviation  of  the  vertical  velocity  from  Its  arithmetic 

mean  over  a  given  period  of  observation,  and  A  T  is  the  deviation 

of  temperature  from  its  mean  over  the  same  period.  The  bar  over 

the  whole  expression  denotes  an  arithmetic  mean  over  the  period. 

In  their  reoent  work.  Parson  and  Bunker  obtained  the  product 

of  vertical  velocity  and  temperature  automatically  by  a  computer; 

T  WA  recording  Computer  for  the  Direot-  Measurement  of  the  Turbulent 
Heat  Exchange  in  the  Atmosphere",  by  Donald  Parson  Jr.  and  Andrew  F. 
Bunker,  Paper  read  before  the  Cambridge  Turbulence  Symposium,  June 
1951*  to  be  published  in  Geophysical  Research  Papers. 

2  "A  Hind  Tunnel  Investigation  of  the  Limitations  of  Thermistor 
Anemometry"  by  Edward  H.  Sanford.  Journal  of  Met.,  VIII,  pp.  182- 
190,  1951. 
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however,  several  of  the  older  series  of  observations  give  the 
vertical  velocities  and  temperatures  explicitly,  so  that  a  crude 
spectral  analysis  is  possible,  similar  to  the  analysis  of  obser¬ 
vations  made  at  Brookhaven3 . 

Several  reasons  for  such  an  investigation  can  be  given: 

1.  A  hypothesis  advanced  by  the  author3  concerning  the  spectral 
distribution  of  kinetic  energy  and  vertical  flux  should  be  tested 
at  low  levels.  So  far,  tests  have  been  made  only  near  100  meters 
elevation. 

2.  Some  evidence  should  be  obtained  as  to  whether  the  observations 
are  read  off  at  sufficiently  frequent  Intervals,  and  whether  the 
instruments  are  sensitive  to  sufficiently  short-period  fluctua¬ 
tions  of  the  meteorological  variables. 

3.  It  should  be  decided  whether  the  flux  has  been  averaged  over  a 
sufficient  length  of  time. 

1*.  In  some  Instances,  heat  appears  to  flow  against  the  gradient  of 
potential  temperature.  The  reality  of  this  observation  should  be 
tested. 

The  Observations 

Observations  of  vertical  velocity  and  temperature  were 
available  for  a  number  of  periods,  each  lasting  1*  to  $  minutes 
during  three  days  in  the  summer  of  191*9.  The  instruments  were 
mounted  on  an  underwater  rook  in  the  Woods  Hole  harbor  5  meters 
above  the  surfaoe. 

1  wthe  Structure  of  the  Stress  at  100  Meters  at  BrooJchavenu  by 
H.  A.  Panofsky.  Paper  read  before  the  Cambridge  Turbulence 
Stmposium,  June  1951*  to  be  published  in  Geophysical  Research 
Papers. 
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Table  I  gives  some  of  the  relevant  weather  characteristics 
during  these  periods. 


TABLE  I 


Weather  Characteristics  During  Periods  Under  Discussion 


Situation 

Mo. 

Date 

Time 

Wind  Dir. 

Wind  Speed 
m  seo*^- 

Vertical  Variation 
of  pot,. 

temp.  10“40  Com”1 

1 

July  28 

1930 

SW 

5 

1.7 

2 

Aug.  8 

11*05 

S 

6 

3.1* 

3 

Aug.  8 

2200 

s 

7 

3-1* 

1* 

Aug.  8 

2300 

s 

6.5 

3.1* 

5 

Aug.  17 

0000 

MW 

5 

-2.0 

6 

Aug.  17 

0500 

MW 

5 

-2.0 

The  last 

column  is 

based  on 

temperature 

measurements 

at  two  and  ten 

meters.  These  were  read  only  once  during  each  day,  and  therefore 
the  exact  values  are  not  reliable,  although  the  weather  situations 
showed  no  considerable  changes. 

During  each  of  the  periods,  vertical  angle,  temperature  and 
horizontal  speed  were  read  every  seoond,  and  vertioal  velocity  was 
computed  and  corrected  so  that  the  average  during  the  period  would 
be  zero.  Since  the  vertioal  vane  has  a  free  period  near  one  second, 
it  seems  likely  that  the  shortest  fluctuations  of  vertioal  velocity 
Indicated  are  greatly  modified  by  resonance.  The  temperatures  were 
read  to  tenths  of  degrees  centigrade  in  all  cases  but  in  situation 
2,  where  the  temperatures  were  read  to  twentieths  of  a  degree.  In 
situation  3,  the  temperature  variations  appeared  so  slight,  that 
the  author  reread  the  original  laterline -Angus  temperature  reoords 
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to  hundredths  of  a  degree. 

Method  of  Reduction 

The  reduction  of  the  data  closely  followed  the  procedure 
described  in  connection  with  the  Brookhaven  observations3. 

Running  means  of  the  vertical  velocities  were  formed  over  7  and 
1*9  seconds.  Then  w">  was  defined  as  the  difference  between  the 
observed  vertical  velocities  and  the  7  second  running  means,  w" 
as  the  difference  between  the  7  second  and  the  1*9  second  running 
means,  and  w'  as  the  difference  between  the  4 9  second  running  means 
and  the  arithmetic  mean  over  the  whole  period.  Thus,  for  example, 
ww*  measures  the  part  of  the  vertical  velocity  due  to  the  shortest 
period  eddies  only,  and  so  forth. 

Prom  these  definitions  it  follows  that  : 

A  W  ar  W’  ♦  w"+  w"»  (2) 

Substitution  of  equation  (2)  into  (1)  yields: 

f  «  f  c^w'  aT  +  j«f W*Alt  ♦  (3) 

The  three  terms  on  the  right  of  equation  (3)  will  be  referred  to 
as  the  contribution  of  long,  medium  and  short  period  turbulence 
to  the  vertical  heat  flux,  respectively. 

The  turbulent  double  vertical  kinetic  energy  per  unit  mass 
is  given  by:  Aw^,  This  will  be  referred  to  simply  as  the  double 
energy.  With  the  aid  of  equation  2,  the  double  energy  may  be 

written:  _  ^ 

iE  *  A*1  *  ***  ♦  W**  ♦  "w571  +  (^) 

where  X  is  composed  of  products  of  vertical  velocity  components  of 
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different  scale.  If  w»,  w"  and  w"'  had  bean  defined  rigorously 
in  terms  of  definite  mutually  exclusive  groups  of  harmonics  of 
the  vertical  velocity,  X  would  be  zero;  however,  the  method  cf 
running  means  does  not  accomplish  such  an  ideal  separation  of 
scale,  so  that  X  is  usually  of  order  10%  of  the  double  energy. 

For  the  present  set  of  data,  X  was  always  positive. 

The  first  three  terms  on  the  right  of  equation  (4)  will  be 
referred  to  as  the  contributions  of  long,  medium  and  short  period 
turbulence  to  the  double  energy,  even  though  the  sum  of  these  three 
terms  is  not  quite  equal  to  the  total  double  energy. 

Analysis  of  Turbulent  Kinetic  Energy 
Table  II  gives  the  observed  double  energies  in  the  six  situa¬ 
tions  as  well  as  the  contributions  of  the  various  groups  of  periods. 
It  should  be  pointed  out  that  the  total  observed  double  energy  is  by 
no  means  the  true  total  energy;  for  variation  of  vertical  velocity 
with  periods  less  than  a  seoond  cannot  be  measured,  yet  may  con¬ 
tribute  significantly  to  the  total  energy,  especially  at  levels 
near  the  ground. 

TABLE  II 

Spectral  Analysis  of  Double  Energy,  in  102cm2aeo“2 


Situation 

Total  Ohs. 

Long 

Medium 

Short 

1 

1.6 

0.2 

0.4 

0.8 

2 

4.2 

0.2 

1.6 

2.2 

5.5 

STABLE 

3 

8.4 

0.4 

1.8 

4 

9.3 

0.3 

3.3 

5.3 

5 

5.4 

0.5 

2.3 

1.8 

1.2 

0.5 

TESTABLE 

6 

3.1 

0.6 

..4 


The  table  shows  that  the  maximum  contribution  to  the  total  energy 
comes  from  the  central  group  in  the  last  two  situations,  but  from 
the  short  period  group  in  the  first  four  situations.  This  dif¬ 
ference  is  associated  with  the  fact  that  the  stratification  was 
stable  in  the  first  four  situations,  unstable  in  the  last  two. 

The  fact  that  relatively  long  period  oscillations  are  relatively 
important  when  the  air  la  unstable  was  noted  first  by  Giblett  , 
and  later  by  Paeschke^. 

It  seems  possible  that  the  short  period  kinetic  energy  is 
over-estimated  due  to  the  resonance  of  the  vertical  vane;  however, 
this  effeot  can  hardly  bs  sufficient  to  produce  entirely  the  over¬ 
whelming  magnitude  of  the  short  period  fluctuations  under  stable 
conditions,  for  unless  the  short  period  fluctuations  are  strong 
to  begin  with,  the  vertical  vane  would  not  be  brought  into 
resonance  at  a..l. 

It  is  interesting  to  note  that  the  greatest  total  energy  does 
not  occur  with  instability.  At  low  levels,  the  vertical  energy 
is  dependent  alnost  entirely  on  the  wind  and  the  roughness  elements 
only  at  much  higher  levels  does  stability  suppress  the  vertical 
oscil3ations  to  a  considerable  extent. 

The  data  indicate  a  slight  positive  correlation  between 

4  "T.ie  Structure  of  the  Wind  over  Level  Country"  by  Ml.  A.  diblett 
arl  others.  Geophysical  Memoirs,  Royal  Meteorological  Office,  No. 

r  IP*  1-1 19 »  1932. 

5  "ixperimentello  Untersuchungen  sum  Rauhigkeits  und  Stabilitftts- 
probtem  in  der  bodennahen  Luftschioht"  by  Paesohke  ¥.,  Be it rig e 
zur  ?hyslk  der  freien  Atmosphlre,  XXIV,  pp.  16£-189,  1937. 
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total  observed  energy  and  wind  speed.  Situations  3  and  4  are 
characterized  by  much  greater  energy  than  the  others,  even  though 
the  wind  is  only  slightly  faster}  this  may  be  due  to  transition 
from  smooth  to  rough  sea  at  wind  speeds  near  6  m  sec-1  (Sverdrup^) . 

Analysis  of  the  heat  flux 

Table  III  shows  the  observed  vertical  heat  flux  as  well  as  the 
contribution  to  it  by  the  different  turbulence  scales.  A  plus  sign 
indicates  upward  flux,  a  negative  sign,  downward  flux.  It  is  im¬ 
mediately  apparent  from  a  comparison  of  Tables  I  and  III  that  the 
heat  flux  in  situations  one  and  three  is  directed  against  tae 
gradient  of  potential  temperature .  In  the  other  four  cases,  the 
heat  flows  from  high  toward  lower  potential  temperature. 


TABLE  III 

Analysis  of  the  Heat  Flux,  10“4-cal  cm"2sec"1 


Situation 

Total  Obs. 

Long 

Medium 

Short 

1 

2.1 

1.8 

0.4 

-0.1 

2 

-3.0 

-0.7 

-2.4 

0.0 

3 

1.3 

0.7 

0.4 

0.2 

STABLE 

4 

-0.3 

0.05 

-0.3 

-0.05 

5 

5.2 

1.0 

2.8 

1.3 

6 

3.8 

1.2 

2.3 

0.3 

UNSTABLE 

In  general,  the  heat  flux  is  characterized  by  maximum  contributions 
from  medium  and  long  period  turbulence.  Thus,  the  contributions  to 


6  "Oceanography  for  Meteorologists*  by  H.  U.  Sverdrup.  Prentice 
Hall,  lew  York,  p.  120,  1942. 
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the  flux  come  from  larger  scale  turbulence  than  those  to  the 
energy.  This  result  agrees  with  a  conclusion  drawn  from  the 
Brookhaven  observations^ , 

The  maximum  contribution  to  the  heat  flux  in  the  two  unstable 
situations  comes  from  eddies  with  periods  of  twenty  to  thirty 
seconds.  The  distribution  given  in  the  table  for  situations  3> 
and  6  is  affected  relatively  little  by  observational  peculiarities 
such  as  resonance  of  the  vanes;  for,  in  these  cases,  a  relatively 
small  fraction  of  the  kinetio  energy  is  contained  in  the  short 
periods,  and  even  casual  inspection  of  the  vertical  angle  record 
indicates  that  no  resonance  with  periods  of  order  of  one  or  two 
seconds  exists. 

The  interpretation  of  the  results  obtained  for  the  stable 
situation  is  complicated  by  the  unreliability  of  the  contribution 
from  the  shortest  eddies.  This  is  due  to  the  fact  that  most  c 
the  vertical  kinetio  energy  lies  at  high  frequencies,  producing 
uncertainties  in  two  wayst  first,  the  resonance  between  the  air 
motion  and  the  vertical  vane  may  throw  the  vane  completely  out  of 
phase  with  the  air  motion;  and  second,  the  eddies  mostly  responsi¬ 
ble  for  the  flux  are  sc  small  that  the  distance  of  some  twenty 
centimeters  between  the  vertical  vane  and  the  temperature  element 
no  longer  permits  assignment  of  the  temperature  and  vertical 
velocity  variations  to  the  same  air  parcel.  It  is  little  wonder 
therefore  that  the  apparent  correlations  between  short  period 
temperature  and  velooity  variations  is  negligibly  small,  as  indi¬ 
cated  by  the  last  oolumn  of  Table  III.  The  true  correlation  at  a 
point  may  be  quite  considerable. 
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A  tentative  interpretation  of  the  first  four  lines  of  Table 
III  is  possible  with  the  aid  of  Priestley  and  Swinbank*s  theory? . 
Accordingly,  the  vertical  heat  flux  may  be  written: 

F  --  -<,Kj  H  ♦  *  (S> 

Here,  K  is  the  heat  exchange  coefficient,  &  the  potential  tempera¬ 
ture  and  z  the  height.  P  is  the  additional  term  introduced  by 
Priestley  and  Swinbank.  It  arises  from  the  fact  that  warm  air  is 
more  likely  to  rise  than  sink.  Little  is  known  concerning  K  and 
P,  excepting  that  both  are  positive.  Therefore,  understable  con¬ 
ditions,  the  heat  flux  consists  of  two  contributions  of  opposite 
sign.  Table  III  indicates  a  possibility  of  assigning  different 
spectral  characteristics  to  ohe  two  terms,  which  might  eventually 
lead  to  their  separation.  In  the  four  stable  situations,  the 
contribution  of  long  period  turbulence  is  algebraically  larger 
than  that  of  the  medium  and  Bhort  period  turbulence.  Since  the 
Priestley-Swinbank  term  P  is  always  positive,  this  observation 
makes  reasonable  the  hypothesis  that  P  is  produced  largely  by 
long  period  turbulence,  with  periods  of  order  of  a  minute.  On 
the  other  hand,  the  potential  temperature  gradient  term,  which 
is  negative  under  stable  conditions,  is  produced  by  higher- fre¬ 
quency  oscillations. 

As  a  consequence  of  this  hypothesis,  the  reality  of  the  sign 
of  the  total  heat  flux  situation  3»  and  perhaps  even  situation  1, 


7  ^Vertical  Transport  or  keat  by  'furbulence  in  the  Atmosphere^ 
by  C.  H.  B.  Priestley  and  W.  C.  Svinbank.  Proceedings  of  the 
Royal  Society,  A,  CLXXXIX,  pp.  5k3-56l,  1914-7. 
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Is  quite  uncertain.  For  if  the  negative  first  term  of  equation 
(5)  originates  mostly  from  high  frequencies,  the  observational 
difficulties  prevent  a  reliable  estimate  of  it.  In  other  words, 
there  is  an  observational  bias  toward  the  positive  low  frequency 
Priestley-Swinbank  term.  Whether  observations  with  more  quiokly 
reacting  instruments  would  reverse  the  sign  in  situations  1,  3, 
or  both,  cannot  be  decided  on  theoretical  grounds. 

As  a  conclusion,  the  measurement  of  the  heat  flux  under  stable 
conditions  at  £  meters  elevation  requires  that  the  temperature  and 
vertical  velocity  elements  are  within  a  few  oentimeters  of  eaoh 
other,  and  that  they  reflect  correctly  variations  in  these 
quantities  during  as  little  as  half  a  seoond. 

Comparison  of  Observations  with  Working  Hypothesis 

The  author  recently  put  forward  a  working  hypothesis3  for  the 
vertioal  velooity  spectrum  which  accounts  reasonably  well  for  the 
spectral  distributions  of  kinetic  energy,  stress  and  heat  flux  near 
a  hundred  meters  elevation  under  unstable  conditions.  This  hypothesis 
indicates  that  the  turbulent  eddies  responsible  for  the  flux  at  £ 
meters  should  lie  at  much  higher  frequencies  than  at  100  meters. 

Table  IV  compares  the  observed  and  predicted  contributions  to 
the  double  energy  in  the  various  period  ranges.  In  order  that  the 
hypothesis  could  be  compared  with  observations,  frequency- cutoff 
values  had  to  be  assigned  to  running  means.  Thus,  a  running  mean 
computed  over  n  seconds  was  assumed  to  out  off  at  n  seconds. 

Similarly,  subtraction  of  the  simple  arithmetic  mean  from  a  set  of 
n  observations  a  seoond  apart  was  assumed  to  cut  off  periods  greater 
than  2  n.  The  reason  for  the  different  treatment  of  a  oonatant 
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arithmetic  mean  and  an  overlapping  mean  is  that  differences 
from  arithmetic  means  contain,  to  a  large  extent,  the  effect  of 
long  period  fluctuations,  whereas  differences  from  running  means 
do  not.  Also,  theory  of  time  series  indicates  that  nothing  is 
known  about  fluctuations  with  periods  less  than  two  seconds,  if 
observations  are  taken  every  second. 

TABLE  IV 

Comparison  of  Computed  and  Observed  Spectral  Distribution 
of  Double  Energy,  102  cm2  sec*2 

Tot.  est. 

Situation  Long  Medium  Short  Tot.  Obs.  all  frequ. 


1 

Comp. 

0.3 

Obs. 

0.2 

Comp. 

0.8 

Obs. 

0.4 

Comp. 

0.3 

Obs. 

0.8 

1.6 

1.8 

2 

0.5 

0.2 

2.3 

1.6 

1.2 

2.2 

4.2 

5.0 

3 

o.5 

0.4 

4.0 

1.8 

3.1 

5.8 

8.4 

10.7 

4 

o.7 

0.3 

4.8 

3.3 

3.8 

5.3 

9.3 

11.9 

5 

0.4 

o.5 

2.2 

2.3 

1.4 

1.2 

5.4 

6.6 

6 

0.4 

0.6 

1.7 

1.8 

0.8 

0.5 

3.1 

3.6 

The  standard  deviations  of  the  vertical  velocities  had  to  be 
known  in  order  that  the  hypothetical  vertical  velocity  spectrum 
could  be  evaluated.  Since  the  observations  cover  only  a  limited 
frequencj  range,  the  complete  standard  deviation  is  not  observable, 
but  appei.rs  as  an  adjustable  parameter.  It  was  adjusted  in  such  a 
way  that  the  total  kinetic  energy  in  the  three  frequency  ranges 
combined  was  the  same  computed  as  observed 

According  to  Table  IY,  the  agreement  between  observed  and  com¬ 
puted  spectral  distributions  is  good  only  for  the  two  unstable 
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situations,  5  and  6.  In  the  other  four  cases  too  much  energy  is 
observed  at  high  frequencies.  This  may,  in  part,  be  due  to 
resonance  of  the  vertical  vane.  However,  the  discrepancy  is  too 
large  to  be  accounted  for  entirely  in  this  manner.  Also,  a 
similar  differs:  oe  between  hypothesis  and  observations  was  noted 
with  the  Brookhaven  data  for  relatively  stable  stratification. 

The  reason  for  the  disagreement  was  discussed  previously3  and  is 
due  to  the  faot  that  the  working  hypothesis  gives  the  maximum 
possible  energy  at  every  frequency,  which  is  realized  only  under 
unstable  conditions. 

The  last  column  of  Table  IV  gives  also  the  total  double 
energy.  Including  all  frequencies  up  to  infinity,  found  under 
the  assumption  that  the  working  hypothesis  1b  correct.  Apparently, 
the  high  and  unobservable  frequencies  contribute  significantly  to 
the  total  energy.  The  working  hypothesis  also  leads  to  an  esti¬ 
mate  of  the  relative  contributions  of  the  various  spectral  regions 
to  the  total  heat  flux.  However,  this  estimate  can  be  used  only 
if  the  Priestley-Swinbank  term  P  in  equation  (5)  is  small,  or  has 
the  same  spectral  characteristics  as  the  term  involving  the  potential 
temperature  gradient.  As  pointed  out  in  the  last  sections,  neither 
of  these  conditions  is  satisfied  under  stable  conditions,  and 
therefore  comparison  of  the  observations  with  the  hypothesis  is 
hopeless  for  situations  1  to  4*  0°  the  other  hand,  under  unstable 

conditions,  the  Brookhaven  observations  indicate  good  agreement 
of  the  spectral  contributions  to  the  momentum  flux  with  those  of 
the  heat  flux;  moreover,  the  hypothesis  agrees  well  with  these 
contributions.  Therefore,  a  comparison  of  hypothesis  and  obser¬ 
vations  seems  in  order  for  situations  5  and  6. 
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TABLE  V 

Comparison  of  Computed  and  Observed  Spectral  Contribution 
to  the  Heat  Flux,  10”4cal  cvT*  sec“l 


Situation 

Long 

Medium 

Short 

Tot.  Obs. 

Tot.  Est. 

Coup. 

Obs. 

Comp.  Obs. 

Coup. 

Obs. 

all  freqi. 

5 

2.3 

1.0 

2.5  2.8 

0.4 

1.3 

5.2 

5.7 

6 

2.2 

1.2 

1.4  2.3 

0.2 

0.3 

3.8 

4-3 

The  hypothetical  distribution  contains  a  parameter  which  was  ad¬ 
justed  so  that  the  total  contribution  in  the  three  ranges  is  the 
same  computed  as  observed. 

The  agreement  between  computation  and  hypothesis  Is  dis¬ 
appointing,  with  the  observed  contributions  tending  toward  somewhat 
higher  frequencies  than  what  would  be  expected  from  the  hypothesis. 
Although  the  disagreement  is  not  excessive,  better  results  has  been 
expected  after  the  success  of  the  hypothesis  with  the  Brookhaven 
observations. 

The  last  column  of  Table  Y  contains  the  total  heat  flux  which 
would  be  obtained  if  the  hypothesis  was  valid,  and  observations  ex¬ 
tended  over  all  frequencies.  Apparently,  the  frequencies  outside 
of  the  observational  range  contributed  only  about  10J{  of  the  total 
flux.  Almost  none  of  this  was  contributed  on  the  high  frequency 
side,  indicating  that  flux  computations  could  be  best  improved 
by  extending  the  observations  over  a  longer  period.  This  remark 
refers  to  mostly  unstable  conditions;  with  a  stable  stratifica¬ 
tion,  more  frequent  observations  with  more  rapidly  reacting  in¬ 
struments  are  required  for  the  determination  of  a  reliable  heat 
flux. 
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Conclusions 

The  crude  spectral  analysis  described  in  this  note  has  led 
to  the  following  tentative  conclusions: 

1.  The  sign  and  magnitude  of  the  heat  flux  measured  at 
Woods  Hole  at  $  meters  elevation  are  reliable  under  unstable  con¬ 
ditions  only.  Rven  then,  a  somewhat  longer  period  of  observations 
is  desirable. 

2.  Up  to  25)t  of  the  kinetic  energy  under  stable  conditions, 
and  about  l5jf  under  unstable  conditions  lies  at  frequencies  too 
high  to  be  measured  with  existing  instruments. 

3.  Maximum  kinetic  energy  ooours  at  higher  frequencies 
than  maximum  heat  flux. 

4.  The  working  hypothesis  advanced  previously  accounts  well 
for  the  vertical  energy  spectrum  under  unstable  conditions.  Under 
stable  conditions,  it  underestimates  the  importance  of  high  fre- 
quencies. 

5.  The  Frlestley-Bwinbank  correction  tem  contributes 
mostly  at  periods  of  the  order  of  a  minute,  under  stable  condi¬ 
tions,  whereas,  at  the  same  time,  much  higher  frequencies  are 
mostly  responsible  for  the  term  containing  the  potential  tempera¬ 
ture  gradient. 
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